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Theoretical introduction
e CPV and T-odd correlations

Previous searches
o D'—K*K'mm and Ds)*—K*K%sm*m decays at FOCUS, BaBar

Search at LHCb

e CPVsearch using T-odd correlations in D'—K*K'm*m decays

Conclusions
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Small CKM contribution

e CPVis expected to be small in the charm sector since tree-level topology dominates
the decay at scales m¢ < <my

C > > S

New Physics

* May enhance this amplitude through the introduction of
new processes and particles

W

(a) Tree diagram.

Recently
* Mixing in charm is established within SM expectation ¢ u
* Experiments have recorded enough statistics to probe CPV with

sensitivities approaching 10- s

* [f any NP effect is out there we should start to be able to see it

Va]]

(b) Penguin diagram.
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A
CPVin decay A= M2 ) Z T = )
I'M — f)+T'(M — f)
e CPVis measured as the asymmetry between the decay rate of a meson and charge-conjugate state
2|aias|sin(dy — d1) sin(pa — ¢P1)
la1|? + |az]? + 2|aias| cos(da — 1) cos(pa — 1)

Ajr = —

—0 i B 0 B
CPVinmixing 241 A= S Wm0 18) = /M, (0 2 P )
p AT [ dt(M s () — 1+ X) + dT/dt (MO, () — 1= X)

e CPV measured from the mixing parameters

r
Agp = — 12

sin(¢ar — ¢ér)

CPVin interference between decay and mixing
_ a4 o _ AD/dt (M (1) = fop) — dU/db(M, (1) = for
= A fep = —

pAs dT [ dt(M () — fop + dU/dt(MO, () — fop
e CPVasymmetry is modified by mixing effects

A¢on(t) =nrsin(onr + 2¢¢) sin(Amt
fer (1) = 17 Sin{far sl ) ¢: weak phases, from CKM

O: unitarity (strong) phases
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A different point of view

Describe invariant matrix element in the most general way (quasi two-body) B(p) — Vi (k, €1)Va(q, €2)
b c
M : : : ' ofpv k
:(ael ezJ{mlm2 (p-e)p 62)}{Zmlm2€ €1a€28 ”pVJ S+D+P
a = Z ‘aj|€i(65j+¢5j); b Z |b |ez(5dy+¢dy c = Z |C |ez(5m+¢p1)
J
a= Z ‘aj|6i(53j_¢3j); b — Z |b |e’(5dy ¢dJ ¢ = Z |C |e’(5m ®pj)
J

J

 Atriple-product correlation arises in |M|? from terms involving the ¢ amplitude (Im[ac*], Im[bc*])
wrt R-(EP‘Ez)
[(k-€1 Xea >0)—T'(k-e1 X ea <0)
Np
~ S(ac*) = |ac|e’P %) (P =) = |qc|sin(AS + Ad)

* The same observable on the charge-conjugate decay gives
Ag ~ |ac|e’Ps70) e =P =%p) — |qc|sin(AS — Ag)

Ap =

e That allows the definition of the CPV observable
atp®ld = Ap + Ap = cos Adsin A¢

ﬁ ﬁ .(I)ﬂ. Theoretical Background Maurizio Martinelli - Measurements of T-odd Observables | 20.5.2015

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE



http://link.aps.org/doi/10.1103/PhysRevD.39.3339
http://link.aps.org/doi/10.1103/PhysRevD.39.3339
http://link.aps.org/doi/10.1103/PhysRevD.39.3339
http://link.aps.org/doi/10.1103/PhysRevD.39.3339
http://link.aps.org/doi/10.1103/PhysRevD.39.3339
http://link.aps.org/doi/10.1103/PhysRevD.39.3339
http://link.aps.org/doi/10.1103/PhysRevD.39.3339

cnmnarisnn io nirect cpv A. Datta and D. London, Int.J.Mod.Phys. A19 (2004) 2505

P

They are complementary

The only difference is in the unitarity phases that enter differently in the game

acp o sin Ad sin A¢

*
ag]?)dd x cos Ad sin Ao )
* acpis more sensitive to CPV when the difference in the strong phases is large

 acp™% is more sensitive to CPV when the difference in the strong phases
between the interfering amplitudes is small

» Datta and London demonstrated that a TP asymmetry can be also built with
interference between decay and mixing, but it is proportional to sinAd as well.

= - — M— S ——— e — —— ——

1, (*) Caveat: in acp the two phases are from different diagrams, in acp™9 from
n different spin contributions

L _ _ . - —— e ———————
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Experimental Technique

P

Defining a T-odd observable

* One needs at least 3 independent momentum or spin variables

4-body decay

mother rest frame

>

P,
Cr = (p1 X p2) - D3 Sin @ = (Mgp X Ned) * 2
* Momenta can be also used to define angles
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T-odd Correlation Asymmetry

P

Asymmetries

* Two asymmetries are measured separately on the particle and charge-
conjugate decays

F(OT > O) — F(CT < O)
I

- f(—éT > O) — f(—@T < O)
Ay -

Ap =

* The CP-violating asymmetry is

cowd 1 i
alp i = §(AT — Ar)
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Used prompt D? and Ds)* decays

- FOCUS (2005 Nor- 1

aL5°9 (D) = (1.0 4 5.7(stat) £ 3.7(syst))%
al 504 (DT) = (2.3 & 6.2(stat) & 2.2(syst))%
aL509(DF) = (—3.6 & 6.7(stat) + 2.3(syst)) %

e BaBar (2010_2011) Nev~50k del Amo Sanchez et al., Phys. Rev. D81 (2010) 111103(R)

Lees et al., Phys. Rev. D84 (2011) 031103(R)

alp (DY) = (1.0 + 5.1(stat) & 4.4(syst)) x 1073
ap (D) = (—12.0 & 10.0(stat) 4 4.6(syst)) x 1073
atp Y (DF) = (—13.6 &+ 7.7(stat) + 3.4(syst)) x 107?

» BaBar provided significant statistical improvement (x10)
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Latest Results From LHCh - D°— K*K-mrw

P

Semileptonic B decay B—DuX, D°—K*Km'mr

* D'—K*K'mm from semileptonic B decays, B
tagged from muon charge

4300E (a) D(C >0)

R . s W s, .,... -
. o

=]
TTTTTETTIT

B—DuX, DO—K* KT 2 1E

e Clean sample g 13
Data Sample e — "
e 2011+2012: 3fb" 1831(1(*1( ) [GeVIe) 1831(1(*1( ) [GeVIe?
= = - =

Fit Model i e 3
Ao CLISTIR TS B9 CLASST WSS

* Samples simultaneously fit to a model of two = D
Gaussian distributions over an exponential R 1 1w
Shape é 1500?— — é 1500?— —

O 1000E 4 © 1000;—_ o

* Asymmetry parameters extracted from the fit o . N B3 , -
1'851(K+K‘n+n-) [E9eV/cz] 1'8;(K+K‘n+n-) [lcigech]

3ﬂ:)1 : Nev~1 70k
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Results From LHCh

P

Three Measurements LHCh ©

al-odd [107]

1. Integrated ;f |
al5°99(D) = (1.8 + 2.9(stat) & 0.4(syst)) x 1072 0 M“H“H{“HHWH

2.Bins of phase-space
No significant deviation from 0 observed F o AT AR
CP conservation tested with P(x%)=74% o 10 20 30

Phase space region

6 xYndof=264/32

(\TIO_ N IR L B B
= 8 (c) LHCb
T 6
&IB% 4
2
()J Li‘++. ......... b /L
2
4
3. Bins of D? decay time o xndf=13/4
No significant deviation from 0 observed -le / 0 0 oe / %1
CP conservation tested with P(x?)=83% D’ decay time [ps]
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Results From LHCD - A; and A

P

| B—DYrX, DP—>K' KT

Local asymmetrles up to 30%

— 40— — 7 40— —

FSI Effects? 'S a0k LHCb (a>, "2 20 LHCb ®]

’ . . <OEE b P T

e It’s possible that FSI are producing 10f,, A Py

. oF E 0F =

effects in all the three measurements byttt b bt

v e . . . oF M ! t 20f tH t b

» Significant differences in bins of Wb b i3 IR S '

phasespace T T 0 T T T a0

0 Phase space region Phase space region

i i o’._"z_‘l“‘\“‘\“‘l‘_ c\l’_"z_‘l“‘\“‘\“‘l‘_

* Average consistent wrt D’ decay time 2 e > o e
e Wide spectrum of resonances and < s < s
. . -6 -6
rescattering among the final state U.%ﬁcjﬁ. ................ hoog
. -8 -8
particles 9 :
-10
11211J /‘(I)‘ 02 04 06 /%1 11211J /‘(I)‘ 0204 06 /%1
D’ decay time [ps] D’ decay time [ps]
Ap(D°) = (=71.8 + 4.1(stat) & 1.3(syst)) x 1073

Ar(D°) = (=75.5 + 4.1(stat) & 1.2(syst)) x 1073
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ARich Resonant Structure

P

Kscut P Kscut P

u o VT T T T

Resonant structure in | 1 @1} uicb )]
+ - e - DYC >0 1t *D'(T>0) :
DO_)K KTT+1T E 2000F ! -y it _T A ]
- E ° DY(C<0) R 1t °D(-C,<0) O :

. =~ 1500F w3 1k ge ® ]

 Clear evidence for ¢ and p : o 1 el |
< 1000 ~ 020" o4 ) 4 F 0.6 ’0’ . .

= C o X2 o 11 o .o o'’ o ]

resonances =R R S | g e ]
« eg . . < S e 11, o ]

* Significant difference in the LN A IR | VN I

. . . 04 0.6 0.8 04 0.6 0.8
dIStrIbUtIOnS VS CT m(vtn) [GeV/e?] m@etn) [GeV/c?]
 Visible effects in angular @10000 .
iabl I S 9000 (C)'é . LHCb ( )-.
* D' K9%K*K removed by m*m “ 6000 DC<0) {F D(T,<0) 1
invariant mass cut 2 sk
E 3000f «,
T 2000F % 1F ™ %
< Fo *Ro,. 3 2%

© 1008 i.* . &M = ’I* ﬁ%w

1 12 14 1.6 12 14 1.6
m(K*K") [GeV/c?] m(K*K") [GeV/c?]
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An Almost Systematic Free Measurement

P

Reconstruction Efficiency © Systematic uncertainty estimates
* Does not a_lffect at all the result: Arand A7 cohiribution AAT(%) AAr(%)  Ad%Sdd(%)
asymmetries are calculated separately on b back 1 0.0 1 0.08 0,00
the same final state FOmpt backgroun ' ' '
Detector bias +0.04 +0.04 +0.04
Particle Identification © Cr resolution +0.02 +0.03 +0.01
* The same considerations apply to particle Fit Model +0.01 +0.01 +0.01
| C same ppiytop Flavor misidentification ~ +0.08  0.07 +0.00
identification
Total +0.13 +0.12 +0.04

Ct Resolution &
* Estimated accurately from Monte Carlo, almost cancels in acp™%

Peaking Backgrounds under D°/D° signal
« Any contamination affects the asymmetry as A—A(1 - f) very small effect

f - contamination fraction; A% - asymmetry of the contamination sample

Flavour Mistag &

 Considering the events with flavour mistag as a contamination acpT'°d°’—>acpT'°°’°’€Aw12(A1+ATTD
Aw = w*-w — difference among the mistag probabilities, measured from control samples

B—D*uX, (D*—Dm*, D'—K*K1r*1r); B—Duw X (D°— K1)
Detector bias &
» Conservative estimate from control sample of CF D°—K-m*m*m
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LHED Summar

P

Results

o CPVis searched for in D'—K*K'm*mr using:
1. Ameasurement integrated over the phase space

2. Measurements in different regions of the phase space :> | 1st timé'
3. Measurements as a function of the DY decay time :

* No CPVfound

* Interesting information in the phase space of the decay: local Arasymmetries up to 30%
These results are interpreted as possible effects of FSI produced by the rich resonant structure of the decay

Remarks

e Systematic uncertainties are found to be very small (as expected) in these observables
High statistics control samples, toy studies

LHCb Potential

e The full LHCb potential is not exploited yet
A similar measurement on D*—D9%(— KKrmrm)m* decays is ongoing and will roughly double the statistics

e Run2 just behind the corner
Improved trigger and selections promise 2.5 data per fb! wrt to Run1
* The rich resonant structure awaits detailed investigation
Model-dependent and -independent approaches under study

e Other triple product correlations can be studied
See talk tomorrow from A. Bevan (hep-ph/1408.3813)
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Alternative and Complementary CPV Tests

* Searches for CPV through asymmetries in T-odd moments are alternative and
complementary to “standard” CPV measurements

* Applicable to many possible particle decays

Low Systematics

* Analyses have demonstrated that the systematic uncertainties are very small

Outlook

* Given the very low systematic uncertainties, such measurements could become
extremely competitive at LHCb (10fb-') and at future experiments (Belle-ll, LHCh
Upgrade,...)
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